Recent studies have shown that searches in the mono-photon and missing energy final state can be used to discover dark matter candidates at the ILC. While an excess in this final state over the Standard Model background would indicate the existence of a dark sector, no detailed information about the internal structure of this sector can be inferred. Here, we demonstrate how just a few observables can discriminate between various realizations of dark sectors, including e.g. the spin of mediators.
I. INTRODUCTION
Astronomical observations strongly indicate the existence of dark matter [1] . Many extensions of the Standard-Model take this into account by incorporating a so-called dark sector: a sector of particles that do not carry electric or colour charge. The interactions of the dark sector can be protected by global symmetries and the particles can have a long lifetime. Often the dark sector is not completely decoupled, but interacts with the Standard Model particles by the exchange of a Z boson, or a mediator of a yet unknown force.
In recent years several experiments, i.e. PAMELA [2] , Fermi LAT [3] and most recently AMS [4] , have observed an excess in the positron fraction in the electron-positron energy spectrum at energies above ∼ 10 GeV. A possible explanation for this excess could be the decay of an invisible particle into an e + e − pair. Leptophilic dark sectors have been identified as a possible explanation of the observed excess [28] [29] [30] 32] .
Unfortunately, due to the large uncertainties in evaluating the cosmological backgrounds, indirect detection experiments face challenges in claiming the discovery of a potential dark matter candidate. Direct detection experiments try to measure the momentum transfer between the weakly interacting massive particle (WIMP) and the detector. If the WIMP is light, the sensitivity of the experiments are strongly reduced [5] . Interpretations of searches for WIMPs at direct detection experiments usually assume that the dark sector is minimal, i.e. consists of only one particle, and the WIMP accounts for the total dark matter abundance in the universe. We will not make those strong assumptions. Indeed, if the dark sector is not minimal or the WIMP is not even stable on cosmological time scales constraints from direct detection experiments are strongly relaxed. * Recently it has been pointed out that in case the WIMP couples with reasonable strength to quarks, mono-jet searches at the Tevatron and LHC can be a superior way in discovering them [6] [7] [8] [9] [10] [12] [13] [14] [15] . If the WIMP couples predominantly to leptons constraints can be derived from LEP in mono-photon searches [16] or a future electron positron collider [34] .
Unfortunately both, direct detection experiments and mono-jet/photon searches, are very limited tools in unravelling the detailed structure of the dark sector, e.g. the spin of the force mediator in combination with its mass and the mass of the WIMP(s). In mono-photon searches the WIMPs recoil against a high pT photon. Therefore, only the total amount of missing transverse energy in the event can be measured, i.e. the differential cross section for one observable.
The observables discussed in this article allow an unbiased view into the dark sector, as long as a mediator couples the dark sector to electrons. Because of the lack of an existing electron-positron collider we will discuss these observables in the context of the International Linear Collider (ILC). So far, the ILC's great potential in studying the structure of dark sectors has not been completely appreciated [35] . We assume that the particles in the dark sector are stable on collider time scales and escape detection at the LHC. Therefore, our signal will consist of electrons and missing transverse energy (MET). This signature is relatively rare in the Standard Model, predominantly generated in the production of Z bosons and photons with subsequent decay/splitting to an e + e − pair and neutrinos. An important topology for the study of the structure of the dark sector is the so-called vector boson fusion (VBF) topology (i.e., two possibly forward well-separated electrons), even though the dark sector particles are not necessarily produced by exchanging a vector boson. Tight cuts on the electronpositron system can reduce the Standard Model backgrounds and increase the average energy flowing through the WIMPs-e + e − coupling. A similar strategy is used when studying the coupling structure of the Higgs boson to quarks: Producing a Higgs boson in the VBF channel, angular correlations of the jets can be used to distin- [20] . Similar kinematic configurations can be used to study dark sectors with WIMPquark couplings at the LHC. However, we find that at the LHC the WIMP-quark coupling has to be of the order of the electroweak coupling to give a significant event shape contribution, reflected in m jj or ∆y jj . Further, at the LHC large systematic uncertainties in final states with missing transverse energy (MET) and jets render a dark sector spectroscopy a difficult task [31] .
This article is organized as follows: In section II we discuss our benchmark models and assumptions which specify the WIMPs-electron-positron interactions. Kinematic observables are identified and interpreted in the context of Regge theory in section III. We further evaluate how well the different benchmark models can be discriminated. In IV we present our conclusions.
II. BENCHMARK MODELS AND EXPERIMENTAL CONSTRAINTS
For simplicity we assume that the WIMP is a Dirac fermion. The mediator can be either a scalar particle or a vector particle, which couples only to electrons. Extending this coupling to all leptons would be straightforward. The only place where this matters is the width of the mediator particle, which gets increased by additional couplings to muons and taus. The width is calculated using the program BRIDGE [11] . As the width turns out to be small for the coupling values considered in the following, taking for example a generation-blind scenario instead would have no relevant effect on our results.
The interaction terms appearing in the Lagrangian are denoted in Table I . Our analysis uses light mediator particles. Therefore, the momentum dependence in the propagator of the mediator plays an important role and cannot be neglected. Hence, it is not possible to formulate the results in terms of an effective dimension-six operator of the formēeχχ orēγ µ eχγ µ χ for scalar or vector mediator, respectively, where the mediator is integrated out. Nevertheless, one can still define an effective mass M * as
( 1) as in Ref. [15] . In the limit of a heavy mediator, the term 1/M In the following, we define 8 different model scenarios. They are characterized by three different options, namely the spin and mass of the mediator particle and the mass of the WIMP. For the spin of the mediator particle we investigate the two possibilities already mentioned, namely a scalar and a vector particle. In many scenarios the dark sector is linked to the Standard Model via kinetic mixing of a dark photon of a hidden U (1) with the U (1) hypercharge of the Standard-Model [36] . In the scalar case we assume that the mediator couples chiral and exclusively to electrons and WIMPs. By measuring the spin of the mediator such models can be either confirmed or disfavoured.
For the two masses we define a light and a heavy scenario each, with values of 8 GeV and 200 GeV for the mediator particle and 5 and 120 GeV for the WIMP mass.
An overview is shown in Table II together with the effective mass M * used for each scenario. The exact choice of masses is somewhat arbitrary, but has been guided by the following considerations. The mass of the light WIMP is chosen such that it is below the typical reach of direct detection experiments, while the heavy scenario has a mass which is beyond the reach of direct searches at LEP. The two choices for the mediator mass have then been chosen such that in the light-light and heavy-heavy models the on-shell decay of a mediator particle into two WIMPS is kinematically forbidden.
The coupling parameters for the light WIMP models are already constrained by direct searches at LEP. Therefore, we choose our effective mass such that they are at the 90% CL exclusion boundary given in Ref. [15] . For the 200 GeV mediator the effective mass parameter can be taken directly from there, while for the 8 GeV mediator we have instead used the given value for the 10 GeV curve. This is slightly more restrictive than the true 8 GeV value, so with this choice we are erring on the safe side. The heavy WIMP scenarios with a WIMP mass of 120 GeV are beyond the reach of LEP. As the mediator couples only to electrons, also searches at hadron colliders cannot significantly constrain the coupling parameters. Only a direct interpretation of the WIMP as dark matter candidate would immediately yield strong constraints by direct detection experiments [5] , and in fact reduce the signal-to-background ratio to a value too low for realistic studies. Therefore, we set the couplings in the heavy WIMP cases to a value that gives similar cross sections as the corresponding light WIMP scenario. This choice also simplifies comparisons between the two options.
III. DISCRIMINATIVE OBSERVABLES
The spin of the mediator can be assessed by appealing to the analytic behaviour of the scattering amplitude dictated by Regge theory [23, 24] in the limit of large invariant mass between each produced particle compared to the propagating momentum (and any mass of fields), s ij |t i |. In this multi-Regge kinematic limit, which is attained within the VBF cuts, the analytic behaviour of a 2 → n scattering is determined by
p 1 , . . . , p 4 are the final state momenta ordered in rapidity, and γ depends on the couplings, the t-channel momenta t i and ratios of s ab /( s ij ) only. The powers α i determining the scaling behaviour with s ij depend on the spin of the particle exchanged in the t-channel, α i = J i up to radiative corrections. In cases where the mass of the exchanged particles is negligible, the spin of the exchanged particle can therefore be inferred by studying the scaling of the cross section with the invariant mass between the electron/positron pair, see Fig. 1 . Since s ab = 2p a⊥ p b⊥ (cosh(y a − y b ) − cos(φ a − φ b )), the constraint on the analytic behaviour of the scattering amplitude means that the spin of the exchanged messenger particle can be directly probed by investigating the scaling of the cross section with either the rapidity difference or the invariant mass between the electron-positron pair. However, if the exchanged particle has a mass, which is large compared to the other scales of the process, then there will be modifications to this simple picture. Other distributions would then be consulted to differentiate the spin and the mass simultaneously. Fig. 1 illustrates the different scaling of the cross section with m ee and ∆y ee respectively, within our models. The predictions from the Regge analysis is observed: for a fixed setup of masses, the scalar exchange is suppressed at large m ee and ∆y ee compared to the models with a vector mediator. While the impact of the heavy mediator mass is significant for a fixed mass of the dark matter candidate, the dominance at large ∆y ee of vector exchanges over scalar exchanges still holds as predicted by the Regge analysis. The same is true for 1/σdσ/dm ee (Fig. 2) . For polarised beams and vector mediators, the S/B can reach 27% at large ∆y, which is where the vector like signal processes will peak.
Conversely, scalar exchange models can get S/B enhanced by studying only regions of small ∆y ee . In Fig. 3 we plot the normalised differential spectrum of the invariant mass of the invisible 4-momentum in the event. This is obviously bounded from below by the sum of the masses of the two dark matter particles. If this bound is below the mass of the mediator, then the spectrum has a pronounced peak at this mass for both scalar and vector mediators. The shape of the spectrum clearly identifies the mass-hierarchy of the mediator and DM particles: When the bound from the DM particles is above the mass of the mediator, the spectrum is very broad, as contrasted with the pronounced peak at the mediator mass.
In case we studied scalar CP-even or CP-odd WIMPs, ∆φ e − e + can be helpful for their discrimination. For the 8 models we study here, ∆φ e − e + is of minor importance.
In conclusion, the distribution of the invariant mass of the invisible momentum, M missing can uniquely determine the mass scale and hierarchies of the mediator and dark matter particle, but does not discriminate between scalar and vector mediators. However, once the mass scales are determined, the spin of the mediator can be de- termined from the shape of the cross section with respect to ∆y ee or equivalently m ee , due to the spin-dependence dictated by the Regge-analysis. Other distributions on e.g. the transverse momentum of the hardest lepton can then be used to check for consistency.
IV. DISCUSSION
As discussed in Section III we expect the observables m e + e − and the invariant mass of the WIMPS, precisely measured as recoil system of e + e − , to be the strongest discriminators for the benchmark models. At the ILC the lepton's energy is precisely determined and the beams can be partly polarized. We assume conservatively that the degree of polarization is 80% for the electrons and 30% for the positrons. In Table III models by using polarized beams. Note, the signal models' cross sections respond differently to a change in the polarization of the beams. Hence the inclusive production cross section can be used to discriminate between the models as well, i.e. for scalar mediators σ ++ > σ unpol while for vector mediators σ +− > σ unpol . However, in this work we will focus on the observables identified in Section III only and because of the recent interest in vector mediators [36] we will choose the +− beam polarization in the following.
We perform a binned log-likelihood hypothesis test [37] using the CL S method [38] to evaluate how well the 8 benchmark models can be discriminated from each other and from the Standard Model. For the graphs in Fig. 4 we assume only the Standard Model is realized in nature. Due to the large allowed cross section of the LVL and LVH models they can be excluded for the given coupling strength with less than 10 fb −1 . However, with an integrated luminosity of roughly 300 fb −1 all models can be disfavored at the 5σ confidence level.
For the results shown in Figs. 5-7 we assume respec- tively that one of the models is realized in nature, as indicated by the caption of each plot. The coupling strength in each model is chosen such that it is respecting present bounds. However, as discussed in Section II, bounds from direct and indirect detection experiments can be avoided in case the WIMPs are not stable on cosmological time scales. Only bounds from direct searches at LEP pose a stringent constraint. To evaluate how well the different quantum numbers of the benchmark models can be discriminated we assume all benchmark models have a cross section of 2.5% of the Standard Model cross section.
We have studied the impact of all the observables shown in Fig. 4 , namely missing transverse energy, m e + e − , ∆φ e + e − , ∆y e + e − , p T of the hardest lepton and M missing . We find that m e + e − and M missing are sufficient to discriminate the quantum numbers of our candidate models confidently. M missing gives a handle on the mass scales, while m e + e − discriminates the spin of the mediators. This is clearly demonstrated by comparing Figs. 6(c) and 6(d), where LVL and LSL are strongly discriminated by including m e + e − whereas M missing has almost no discriminating power. The situation is reversed for the discrimination of LSL and LSH, as sown in Figs. 7(c) and 7(d) . Here both, LSL and LSH have a pronounced peak in m e + e − at the Z boson mass (thus m e + e − is not discriminating the two models), but the large difference of the WIMP mass is reflected in M missing ≥ 2M WIMP . However, if one wants to discriminate quantum numbers beyond mass and spin (e.g. CP structure) other observables should be included, e.g. ∆φ e + e − . A combination of the variables discussed will improve the statistical significance in discriminating the models' quantum numbers.
In general and in particularly for a leptophilic scenario, studying a dark sector using t-channel mediated forces is a challenging task at the LHC. This study has demonstrated that even with conservative assumptions on the level of polarization, the ILC can conclusively explore the quantum numbers of a dark sector by using a combination M missing and m e + e − . The curves illustrate the level to which the Mmissing and m e + e − can discriminate between the different models, assuming the realization of LVH (7(a)-7(b)), LSH (7(c)-7(d)). All cross sections are assumed to be 2.5% of the Standard Model background cross section.
